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NATIONAL AER0"TICS AND SPACE ADMINISTRATION 

TECHNICAL MEMORANDUM X-255 

PEXE'ORMANCE OF A VARIABLE DIVERGENT-SHROUD EJECTOR NOZZLE 

DESIGNED FOR FLIGHT MACH NUMBERS UP TO 3.0* 

By Andrew J. Stofan and James R. Mihaloew 

SUMMARY 

. The performance of a continuously var iable  e j ec to r  nozzle designed 
f o r  operation at  f l ight Mach numbers up t o  3.0 w a s  evaluated i n  a 0.25- 
sca le  inves t iga t ion  conducted on a se r i e s  of f ixed  configurations simu- 
l a t i n g  t h e  various pos i t ions  of the  variable e j ec to r  nozzle. The in-  
ves t iga t ion  w a s  conducted i n  an unheated quiescent-air  t es t  f a c i l i t y  t o  
determine t h e  pumping and in te rna l - thrus t  performance of t he  e jec tor .  
The e j e c t o r  shroud had a shortened isentropic-design i n t e r n a l  contour. 
The t h r u s t  performance and pumping cha rac t e r i s t i c s  of t he  e j e c t o r  w e r e  
determined over a range of nozzle pressure r a t i o s  from 2 t o  24 while t h e  
e j e c t o r  corrected weight-flow r a t i o  was var ied from 0 t o  0.22. 
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The e j ec to r  t h r u s t  r a t i o  var ied from about 0.983 t o  0.993 throughout 
t h e  range of operable conditions. The pumping performance w a s  
t o  provide su f f i c i en t  secondary air for  cooling purposes. 

INTAODUCT ION n 

Previous inves t iga t ions  "have shown t h a t  fixed, o r  semivariable (two- 
pos i t ion) ,  e j e c t o r  nozzles w i l l  give good on-design performance f o r  t u r -  
b o j e t  a i r c r a f t  operating up t o  Mach numbers of about 2.0 (refs.-l and 2 )  
without too  grea t  a s a c r i f i c e  i n  the  off-design region of operation. 
Turbojet a i r c r a f t  operating over a f l i g h t  regime from sea- level  s t a t i c  
t o  Mach 3, however, w i l l  probably have subs t an t i a l  off-design losses  i f  
a f ixed  or two-position shroud e j ec to r  is  used (ref .  3) .  A possible  
so lu t ion  t o  t h e  problem of obtaining optimum performance over such a 
wide range of engine operating and f l i g h t  conditions i s  t o  use continu- 
ously var iab le  e j e c t o r  geometry; t h a t  is, a var iable-area primary nozzle 
and a var iable-area shroud t h a t  can be modulated independently so as t o  
provide near-optimum geometry over t he  range of f l i g h t  conditions. 

. 
rl In order t o  evaluate the  pumping md in t e rna l - th rus t  performance of 

such a device, a 0.25-scale invest igat ion w a s  conducted on a simulated 
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. 
continuously var iable  e j e c t o r  with a shortened, contoured shroud designed 

f ixed models simulating various posi t ions of the var iable  e j e c t o r  were 
t e s t e d  i n  an unheated quiescent-air  t es t  f a c i l i t y  t h a t  w a s  operated over 
a rarlge cjf ~ o z z i e  przss-icre r a t i o s  fro= 2 t o  24 arqd eJec tor  weight-flow 
r a t i o s  from 0 t o  0.22. The expansion r a t i o  w a s  varied from 1.08 t o  2.05. 

f o r  isentropic expansion at a f l i g h t  Mach number of 3.0. A s e r i e s  of r' 

SYMBOLS 

The following symbols are used i n  t h i s  report:  

A area, sq in.  

D diameter, in .  

F thrust ,  lb 

L length, in. 

P t o t a l  pressure, ~ b / s q  f t  

p s t a t i c  pressure, D/sq  f t  

T t o t a l  temperature, OR 

w airflow, 1b/sec 

Subscripts: 

e e jec tor  e x i t  

e j  e jec tor  

i p  i d e a l  primary 

i s  i d e a l  secondary 

p primary 

s secondary 

0 exhaust plenum, o r  ambient 
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APPARATUS 
I 

Table I lists the configurations tested, as well as the geometric 
variables and various simulated positions of the continuously variable 
Mach 3 ejector nozzle. These configurations are representative of those 
that would be used at various flight conditions and were investigated at 
the following three simulated engine operating conditions: 
afterburning (configurations 1 to 4), (2) intermediate afterburning (con- 
figurations 5 to 7), and (3) nonafterburning (configurations 8 to 12). 
Four additional configurations (13 to 16) were investigated to determine 
the effect of a 30-percent increased gap height on the thrust and pumping 
performance of the ejector. The increase in gap height was accomplished 
by using smaller diameter primary nozzles combined with the same ejector 
shrouds that were previously used for a given engine operating condition. 

(1) maximum 

An outline sketch (solid lines) and the actual coordinates of the 
shortened, isentropic contoured shroud when in the design intermediate- 
afterburning Mach 3.0 position are given in figure 1. The shroud contour 
was designed for this position by taking a Mach 3.0 isentropic convergent- 
divergent nozzle contour and increasing the radial dimensions to allow 
for the passage of 7-percent secondary air; the shroud was then shortened 
by 40 percent. Also shown in figure 1 are the approximate locations of 
the pivot points and the outline of the shroud in its extreme low-Mach- 
number closed-down position. Obviously, the shroud contour will not be 
trisentropictt at positions other than the Mach 3.0 design value. 

The installation of a typical ejector configuration in the test 
facility is shown in figures 2 m d  3. The ejectors were fastened to 
the mounting pipe, which was in turn attached to a bedplate freely sus- 
pended from four flexure rods. This entire assembly was installed in a 
plenum chamber. High-pressure air was supplied to the nozzle by the 
laboratory air-supply system, and the plenum chamber was evacuated by 
the laboratory exhaust system. Pressure difference across the nozzle 
was made possible by labyrinth seals installed around the mounting pipe. 
Two vent lines connected between the two labyrinth seals and the plenum 
chamber decreased the pressure differential across the second labyrinth 
seal and prevented dynamic pressures from acting on the outside of the 
diffuser section. Forces acting on the nozzle and mounting pipe, both 
external and internal, were transmitted from the bedplate through a 
flexure-supported bell crank and linkage to a balanced, air-pressure- 
diaphragm, force-measuring cell. This entire system, which includes 
inlet pipe, labyrinth seals , secondary-air hose connection, air-measuring 
station, and force-measuring cell, was calibrated before the ejectors 
were installed. 
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INSTRUMENTAT I ON 

Station 

G - E ~ X X Y ~  pl~111-w. 
1 - Mounting-pipe inlet 
2 - Airflow 
3 - Primary-nozzle inlet 
4 - Secondary-air passage 

Secondary-air orifice 

Pressures and temperatures were measured at various stations as 
shown in figure 2 and in the following table: 

Total- 
pressure 
tubes 

-- 
-- 
12 
8 
12 
-- 

4 
4 
8 
4 

2 
- 

Terilperatwe 
~ ~ ~ ~ % e  I thermocouples 
taps 

2 
2 
- 
2 

2 
- 

Pressures obtained from total-pressure rakes and wall static-pressure 
taps at stations 1 and 2 were used in the computation of inlet momentum 

at station 3 to determine nozzle-inlet conditions, and at station 4 to 
measure secondary total pressure. 
chamber static pressure and temperature. The secondary flow was meas- 
ured by a flat-plate orifice, two static-pressure taps, and two thermo- 
couples located in the secondary-air line. 

and airflow. Total-pressure and total-temperature rakes were installed K 

Station 0 was used to measure plenum- 

PROCEDURE 

The testing procedure for each configuration was the same. 
of ejector corrected weight-flow ratios ( ( w s / w p ) ~ ~ ,  where Ts/Tp = 

1.0 for this investigation) from 0 to 0.22 was covered; and, at various 
nominal values of corrected weight-flow ratio, the nozzle pressure ratio 
Pp/po was varied from 2 to 24. The ejector schedule illustrated in 
figure 4 outlines the primary-nozzle area ratio as a function of ex- 
pansion ratio for the configurations investigated. 

A range 

The measured axial thrust was determined from summing up the per- 
tinent forces acting on the nozzle - mounting-pipe system. The ideal 
ejector thrust was calculated from the measured primary and secondary 
mass flows, with isentropic expansion assumed from the respective meas- 
ured total pressures to ambient. The thrust ratio is defined as the 
measured axial thrust divided by the sum of the ideal primary and sec- 
ondary thrusts. The flow coefficient is the ratio of the actual mass 
flow divided by the ideal mass flow. 
the methods of calculation of the thrust ratio and flow coefficient is 
given in reference 4. 

A more detailed explanation of L. 

. 



RESULTS AM> DISCUSSION 

Primary-Nozzle Performance 

The performance of the primarynozzles is shown in figure 5. 
thrust performance for the five primary nozzles is nearly the same, 
whereas the flow coefficient in figure 5(b) decreases about four points 
as the nozzle convergence angle increases from about 14' to 36O. 

The 

Ejector Performance 

The basic performance of the ejector configurations, as a function 
of primary pressure ratio, is shown in figures 6 to 21 and includes the 
thrust ratio and pmping characteristics for a range of ejector corrected 
weight-flow ratios from 0 to 0.22. 

Examination of the thrust curves in figures 6 to 21 shows that, in 
the maximum thrust region of each configuration, the thrust ratio is 
relatively insensitive to primary pressure ratio. 
insensitivity, the range of primary pressure ratios over which the thrust 
is within 1/4 percent of the maximum value is presented as a function of 
expansion ratio in figure 22 for a range of ejector corrected weight- 
flow ratios between 0.04 and 0.11. 
figurations investigated are discussed in terms of this region of primary 
pressure ratio at which near maximum thrust ratio occurred. In addition, 
in order to better understand the relation between ejector performance 
and flight-plan requirements, a schedlJle of prhai-y-nozzle pressure ratio 
aid inlet performance characteristics (based on an inlet kinetic-energy 
efficiency of 95 percent) with flight Mach number has been assumed and 
is used as a basis for discussion. 
performance of a hypothetical Mach 3.0 turbojet aircraft, is shown in 
figure 23. 

To illustrate this 

Performance pasmeters for the con- 

This schedule, which is based on the 

The variation of thrust ratio with primary pressure ratio and ap- 
proximate flight Mach number for the three simulated engine operating 
conditions is shown in the composite-thrust-performance curves in figure 
24. Each curve is indicative of the performance that would be obtained 
with a continuously variable ejector. 
corrected weight-flow ratios of 0.04 and 0.11. The thrust ratio for the 
three operating conditions is very nearly constant over the range of 
primary-nozzle pressure ratios investigated and shows a variation only 
between 0.983 and 0.993. The figure a lso  indicates that the ejector 
design thrust ratio is insensitive to ejector corrected weight-flow 
ratios between 0.04 and 0.11. Although the ejector thrust performance 
for the isentropic contoured shroud is quite high, it is felt that the 
thrust performance of an ejector nozzle with a conical shroud and the 
same L/D and diameter ratios would be practically as good. 

Data are presented for ejector 
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The composite pumping performance associated with the thrust per- 

I formance of figure 24 is shown in figure 25 for the same three operating 
conditions. The curve of maximum ejector pressure ratio Ps/Pp avail- 
able was based on the assumed flight schedule (fig. 23) plus an assumed 
subsonic-duct total-pressure recovery of 9.95. 
at the most critical operating condition (Pp/po = 4 to 5) at least 
6 percent corrected secondary flow can be supplied and, at both higher 
and lower pressure ratios, greater amounts than this are obtainable. 

Figure 25 indicates that 

M 
I 
4 
w cn 

Primary-Nozzle Flow Performance (With Shrouds) 

The composite primary-nozzle flow performance (for the same oper- I 

ating conditions as the two previous figures) with the ejector shroud 
in place is shown in figure 26 for three different values of 
(ws/wp)7/w. 
is reduced by higher ejector weight-flow ratios when the shroud is in 
place. 
flow requiring additional space, thereby unchoking the primary nozzle 
at its exit; this, in turn, lowers the flow coefficient (ref. 5). 

s 

It is apparent that the primary-nozzle flow coefficient 
1 

This drop in flow coefficient is due to the increased secondary 

Effect of Increased Gap Height on Performance 

The thrust and pumping performance for the configurations with a 
30-percent increase in gap height are shown in figures 18 to 21. 
four configurations, 13, 14, 15, and 16, are comparable with and would 
operate in the same region as configurations 9, 12, 2, and 4, respectively. 
A comparison of the performance of corresponding configurations indi- 
cates that an increase of about 18 percent in pumping capacity was ob- 
tained with the increased gap configurations without noticeable lowering 
of the thrust performance; that is, 18-percent-less ejector pressure 
ratio Ps/Pp 
flow ratio ( w S / w p ) ~ ~ .  These data are included only to show the 
performance for an increased gap height and are not discussed elsewhere. 

These 

is required to provide the same ejector corrected weight- 

SUMMAFtY OF RESULTS 

A small-scale performance investigation was conducted on a series 
I 

of configurations that simulated various positions of a continuously 
variable ejector nozzle designed with an isentropic-type contoured shroud 
for operation at flight Mach nmbers up to 3.0. 

0 

Results indicated that: 

, 
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1. The ejector thrust ratio was very nearly constant over the range 
of primary-nozzle pressure ratios investigated, showing a variation be- 
tween 0.983 and 0.993. 
ations in ejector corrected weight-flow ratios between 0.04 and 0.11. 

The ejector thrust ratio was insensitive to vari- 

2. The pumping performance indicated that most cooling requirements 
can probably be satisfied. 

3. An increase of 30 percent in gap height between primary nozzle 
and shroud resulted in an increase of 18 percent in pumping capacity 
without lowering the thrust performance. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, February 8, 1960 
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TABLE I. - EJECTOR CONFIGURATIONS AND GEOMETRIC VARIABLES 

M 
I 
4 
w cn 

Simulated engine operating condition Ge ome t r i c var i ab l e  s Conf ig -  
ura t ion  

D,/Dp Delnp Mach number L/Dp 
1.38 
1.39 
1.40 
1. 41 

Afterburning DPJ 
in .  

1 
1 
1 
6.62 

6.37 
6.37 

1.09 
1.11 
1.10 
1.10 

;ea- level  s t a t i c  
0.9 

1.08 
1.16 
1.34 
1.54 

1.5 
2.2 

1.08 
1.34 
1. 73 

1.53 
1. 56 
1.57 

1.08 
1.11 
1.12 

Intermediate 

i 
None 

I 

$ea-level  s t a t i c  

2.6 t o  3.0 
1.5 

1.08 
1.16 
1.34 
1.54 
1.97 

1.09 
1.10 
1.11 
1.13 
1.15 

3ea-level s t a t i c  
0.9 
1.5 
2.2 
3.0 

1. 74 
1.75 
1. 78 
1.79 
1.81 

1.84 
1.88 

0.9 
3.0 

1.21 
2.05 

None: 30$ increase 
i n  gap height  

~ a x i m ~ m :  30$ in -  
crease i n  gap 
height  

1.14 
1.20 

1.14 
1.14 

0.9 
2.2 

7.98 
7.98 

1.20 
1.59 

1.44 
1.46 
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(a) m u s t  performance. 

0 2 4 6 8 10 12 14 16 18 
PJPO Primary pressure r a t io ,  

(b) Flow performance. 

Figure 5. - Primary-nozzle performance (without shrouds). 



2 4 6 8 10 
Primary pressure ratio, pp/p0 

(a) Thrust performance. 
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Figure 6. - Ejector performance for configuration 1, which 
simulates position for maximum afterburning, sea-level 
static. 
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Figure 6. - Concluded. Ejector performance for configuration 1, which 
simulates position for maximum afterburning, sea-level static. 
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(a) Thrust performance. 

Figure 8. - Ejector performance for configuration 3, which simulates position for maximum 
afterburning, Mach 1.5. 
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(a) Thrust performance. 

Figure 9. - Ejector performance fo r  configuration 4, which simulates posit ion for  
naximum afterburning, Mach 2.2. 
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(a) Thrust performance. 

Figure 10. - Ejector performance for configuration 5, which 
simulates position for intermediate afterburning, sea- 
level static. 
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Figure 10. - Concluded. Ejector performance for configuration 5, which 
simulates position for intermediate afterburning, sea-level static. 
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Primary pressure ratio, p d p 0  

(a) Thrust performance. 

Figure 11. - Ejector performance for configuration 6, which 
simulates position for intermediate afterburning, Mach 1.5. 

L 



. 

Eo m 
pc 

I w 

L 

0 0  0.0 0 0 0 0 0  0 0  0 0.0 0 0.0 0 0  
0 . 0  0 . 0  0 . 0  0 0 0  0 0  0 0  
0 . 0 0  0 0 0 0  0 m o o  0 . 0  0 0  
0 . 0  0 0.0 0 0 . 0  0 0  0 0  
0 0  0.0 0 0  0.0 0 0 0 0  .. 0 0 0 0 0 0  0 0  

25 

CD In + M N 4 

N 
rl 

0 
rl 

0" 
d 
u 
id 
k 

rJl 
ra 
a, 
Bl 

N 

0 

M 
E: 



............... ....... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ........................ 
26 

i 

- 
rn .d 

R 
i 

Pi 
.rl 

R 
--. v 

-2 

RO' 

Primary pressure ratio, 

(a) Thrust performance. 

Figure 12. - Ejector performance for configuration 7, which simulates position for inter- 
mediate afterburning, Mach 2.6 to 3.0. 
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Figure 13. - Ejector  performance f o r  configuration 
8, which simulates pos i t ion  f o r  nonafterburning, 
sea- l e v e l  s t a t i c .  
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(b) Pumping performance. 

Figure 13. - Concluded. Ejector performance for configuration 8, 
which simulates position for nonafterburning, sea-level static. 
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(a) Thrust performance. 

Figure 14. - Ejector performance for configuration 9, 
which simulates position for nonafterburning, Mach 0.9. 
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(a) Thrust performance. 

Figure 15. - Ejector performance for configuration 10, 
which simulates position for nonafterburning, Mach 1.5. 
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Primary pressure ratio, P /p 

(a) Thrust performance. 

Figure 16. - Ejector performance for configuration 11, which simulates position for nonafterburning. Mach 2.2. 
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(a) Thrust performance. 

Figure 18. - Ejector performance for configuration 13, 
which simulates position for nonafterburning, Mach 0.9 
with 30 percent increase in gap height. 
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(b) Pumping performance. 

Figure 18. - Concluded. Ejector performance for configuration 13, which 
simulates position for nonaf'terburnir)g, Mach 0.9 with 30 percent increase 
in gap height. 



0 .  0.. . 0.0 . 0 .  0 .  . . . 0.. 0 .  . *  0 .  0 .  0 . .  0 . .  ... 
0 .  ... 0 . .  0 . 0 .  . 0 . e . .  
0 .  0 .  0 . .  . 0.. . 0 0 . 0  

0 .  0.0 0 . 0 .  0 .  0 0 0 0 .  0 0  0 0 .  0 0  

40 

- 
v) rl 

a 
+ 

Primary pressure ratio, Pp/po 

(a) Thrust performance. 

Figure 19. - Ejector performance for configuration 14, which slmulates position for 
nonafterburning, Mach 3.0 with 30 percent increase in gap height. 
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Figure 20. - Ejec tor  performance for configuration 15, which simulates pos i t ion  for  maximum 
afterburning, Mach 0.9 with 30 percent increase i n  gap height.  
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Figure 21. - Ejector performance for configuration 16, which simulates position for maximum 
afterburning, Mach 2.2 with 30 percent increase in gap height. L 
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